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Abstract 
 
In this paper, I present how laser processing based on the illumination of optical 
vortex pulses has been adopted to the semiconductor monocrystalline silicon (Si) for the 
first time. All experiments have been performed by using nano and picosecond pulses at 
room temperature and under atmospheric conditions. 
It has been found that the irradiation of nanosecond optical vortex pulses can 
produce a chiral cone-shaped monocrystalline Si nanostructure (chiral Si nanocone) 
owing to optical (orbital and spin) angular momentum transfer effects to a 
monocrystalline Si substrate. The fabricated Si nanocone, having a length of 4.8 μm and 
a tip curvature of ~110 nm, was fully monocrystalline, and exhibited a spiral structure on 
a conical surface. Additionally, the chirality of the needle was also determined directly by 
the handedness of the optical vortex pulse. 
In the case of pumping picosecond pulses, the fabricated structure is shaped to 
be a needle. This is Si nanoneedle is formed of monocrystalline silicon with the same 
lattice index (100) as that of the silicon substrate. Also, each needle has a height of 
approximately 15 μm and a tip curvature radius of approximately 200 nm. Overlaid vortex 
pulses permit a needle with a height of approximately 40 m to be found without any 
changes to the crystalline structure. The temporal dynamics of Si nanoneedle formation 
was further revealed by employing an ultrahigh-speed camera. The melted silicon was 
collected to the dark core of the optical vortex through picosecond pulse irradiation, with 
forming the Si nanoneedle on a submicrosecond time scale.  
Such monocrystalline Si structures, which have never been fabricated by 
conventional Gaussian-mode illumination, have enabled us to develop novel silicon 
photonic devices in many fields, such as core–shell structures for silicon photonics and 
photovoltaic devices as well as nano- or microelectromechanical systems. 
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Chapter 1 Introduction 
 
1.1 Angular momentum of light 
The angular momentum of photons is classified into both spin and orbital units. 
Planck’s thermal-radiation law indicates that the linear momentum of a photon is 
expressed by ħk (the wave number is expressed as k=2π/λ and ħ=h/2π, here π is the 
wavelength and h is Planck’s constant). This also shows the possibility that circularly 
polarized light carries a spin angular momentum given by sħ per photon. Beth has already 
observed the existence of the spin angular momentum of light [1] in 1936. In contrast, the 
existence of an orbital angular momentum of photon was not established until recent years. 
In 1992, Allen suggested that Laguerre-Gaussian modes, eigen-modes in a paraxial 
electric-magnetic wave equation have an orbital angular momentum of lħ per photon [2-
4], an integer value of l, called the topological charge, arising from a periodic boundary 
condition in a cylindrical coordinate system. The orbital angular momentum of the photon 
has an enormous potential to pioneer next-generation optical communications, imaging 
technologies, and laser materials-processing. 
 
1.2 Optical vortex and Laguerre-Gaussian mode 
The Laguerre-Gaussian (LG) mode, well known as a conventional optical vortex, 
has an azimuthal phase term, exp(ilϕ), i.e., a phase singularity, in its wavefront, where ϕ 
is the azimuthal angle. Thus, the LG mode carries a spiral wavefront and its Poynting 
vector is also twisted, resulting in the existence of an orbital angular momentum of lħ. 
 
Wave propagation
Orbital angular 
momentum
Poynting vector
l 2lλ
Helical wavefront
Orbital angular 
momentum
l
2lλPhase singularity 
（Anular Intensity）
Clockwise direction Counter-clockwise direction
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Fig. 1 Basic concept of an optical vortex 
 
Figure 1.1 shows the helical wavefront and the annular intensity profile of an optical 
vortex with a dark core, determined by the magnitude and the sign of the topological 
charge, l. 
 
1.3 Applications of optical vortex 
The optical vortex has been widely investigated regarding various applications, 
including optical telecommunications [5,6], optical trapping [7,8], super-resolution 
microscopes [9-11], and plasma physics[12]. 
 
 
Fig. 1.2 Optical telecommunication using vortex beams [5] 
 
 
Fig. 1.3 Optical trapping-pumped vortex beam [7] 
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Fig. 1.4 Super-resolution microscope with an optical vortex [13] 
 
In recent years, materials processing based on interactions between materials and 
the orbital angular momentum has received much attention [13-17]. Hamazaki et al. 
showed that orbital angular momentum effects make the target surface smooth in optical 
vortex laser processing [12]. Toyoda et al. discovered that an optical vortex can transfer 
its orbital angular momentum to melted materials, so as to form chiral structures on a 
nano-scale [15], and that the chirality of the fabricated material nanostructures can be 
selectively controlled by the handedness (sign of the orbital angular momentum) of the 
optical vortex. In addition, the spiral frequency, defined as the number of turns divided 
by the height of chiral nanostructures, was reinforced as the magnitude of J increased [16]. 
 
 
Fig. 1.5 Optical-vortex laser processing [12] 
 
14 
 
Fig. 1.6 Creation of chiral structures and the effects of each angular momentum [16] 
 
1.4 Thesis overview 
In this thesis, monocrystalline silicon structures fabricated by optical vortex 
illumination are introduced. I report on the first demonstrated production of chiral cone-
shaped Si nanostructures (Si nanocones) by single-shot nanosecond vortex pulse 
irradiation onto a (100) monocrystalline Si substrate. Additionally, the first demonstration 
concerning the fabrication of a monocrystalline silicon needle with a nanoscale tip by 
illumination of a picosecond optical vortex pulse is reported. 
In chapter 2, the optical radiation force created by an optical vortex with a spiral 
wavefront owing to a phase singularity is presented. The theoretical formula of the optical 
angular momentum, including the orbital, spin, and total angular momenta is described 
15 
in this chapter. Here, several techniques to generate optical vortices are also addressed. 
  Chapter 3 describes basic knowledge concerning laser processing. Also, the 
Lorentz-Drude model is presented, so as to analyze the interactions between light and 
materials in laser processing. Finally, several experimental results concerning optical 
vortex laser ablation are introduced. 
In Chapter 4, the physical properties of monocrystalline silicon, such as the 
crystal structure and thermal physical properties, are addressed.  
 In Chapter 5, several experimental demonstrations, including the creation of 
chiral cone-shaped Si nanostructures (Si nanocones) by a single-shot nanosecond vortex 
pulse irradiation, are shown. 
In Chapter 6 explains the first demonstration concerning the fabrication of a 
monocrystalline silicon needle with a nanoscale tip by illumination with a picosecond 
optical vortex pulse. The temporal evolution of the formation of a silicon needle was also 
investigated 
Finally, in Chapter 7 summarized all experimental results and discussions. This 
chapter also addresses future research of optical vortex laser processing, including how 
to utilize the fabricated monocrystalline chiral Si nanocones and the Si nanoneedles. 
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Chapter 2 Optical vortices 
 
2.1 Optical vortices and orbital angular 
momentum 
 
The Laguerre-Gaussian modes (LG), eigen-modes of the paraxial electromagnetic 
wave equation in cylindrical coordinates, are the most conventional optical vortices. 
Maxwell’s equations and material equations are listed as follows: 
 

















,
,
,0
,
t
jrot
t
rot
div
div
D
H
B
E
B
D 
 (2.1) 
 





,
,
HB
ED


 (2.2) 
where is the dielectric constant (8.8 × 10-12 F/m) and  is the magnetic permeability (4 
× 10-7 H/m), respectively. 
The electric-magnetic wave equation is written by using r(=(x2+y2+z2)1/2) and t from 
(2.1) and (2.2) in combination with 
 
EE
2
2
t

  . (2.3) 
By substituting an electric-field function, ),exp()(),( tirEtrE  into eq. (2.3), the 
Helmholtz equation without the time variance, t, is given as follows: 
   ,022  Ek  (2.4) 
where 
22 k . 
Thus, the electric-field function is written by 
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where u(x, y, z) is the complex amplitude in the electric-field function. 
Utilizing a slowly varying approximation, the following formula is established: 
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and the Helmholtz equation is rewritten by 
 
.0
)(
2)(
2
2
2
2
2
2














z
rE
ikrE
yx
 (2.7) 
The Hermite-Gaussian (HG) modes, i.e., eigenmodes of the paraxial Helmholtz equation 
in xyz coordinates, are given as 
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where (z) is the beam size, R(z) is the radius of curvature, (z) is the Gouy phase, m and 
n are the mode indices along the x and y axes, Hm and Hn are Hermite polynomials, and 
HG
nmC ,  is the normalized electric-field constant, respectively. Several low-order Hermite 
polynomials are listed as below: 
1)(0 xH , 
xxH 2)(1  , 
24)(
2
2  xxH .  
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Fig. 2.1 Spatial form for low-order Hermite-Gaussian modes. 
 
The electric-field function in cylindrical coordinates is written as 
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The resulting Helmholtz equation is written as 
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Thus, the LG modes, i.e., the eigenmodes in cylindrical coodinates, are given by 
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where p is the index of radial mode, l is the topological charge, i.e., the index of azimuthal-
mode, and 
HG
lpC ,  is the associated Laguerre polynomial, respectively. The LG0,0 mode 
with l=p=0 is the Gaussian mode, and it is fully identical with the HG0,0 mode. The vortex 
modes, i.e., the higher-order azimuthal LG modes with l > 0, carry the orbital angular 
momentum, lℏ, associated with the azimuthal phase term, )exp( il , arising from a 
periodic boundary condition. Some low-order associated Laguerre polynomials are listed 
as follows: 
n=0   1   2 
m=0
1
2
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Fig. 2.2 Spatial form of low-order Laguerre-Gaussian modes. 
 
2.2 Hermite-Gaussian modes and Laguerre-
Gaussian modes 
 
  The HG and LG modes, eigenmodes of the Helmholtz equation in the Cartesian and 
cylindrical coordinates, are mutually converted. For instance, a diagonal HG mode can 
be expressed by HG01 and HG10 [1]. 
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The resulting LG mode is also given by a superposition of the orthogonal HG modes with 
a /2 phase shift (Fig. 2.3): 
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Fig. 2.3 Decomposition of LG modes on the basis of HG modes. 
 
2.3 Methods to generate optical vortices  
 
A spiral phase plate (SPP) [2], providing a continuous or discrete azimuthal phase shift 
(Fig. 2.4) by utilizing coating or chemical etching technique, enables easily the 
production of optical vortices. If a beam with the amplitude expressed by u(r, , z) is 
incident onto the SPP, the amplitude, u’(r, , z), of the converted beam is written by a 
following expression, 
 
).exp(' iluu   (2.15) 
Here, l is a topological charge (integer) given by 
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where n is the refractive index difference between the phase plate and its surroundings, 
h is the step height, and l is the wavelength, respectively. Thus, the SPP provides an 
azimuthal phase shift of 2l to the incident beam, so as to generate the vortex output with 
a topological charge of l. 
In general, the optical vortex created by the SPP, however, includes undesirable higher-
order radial modes, and it should be decomposed into LG modes with amplitudes, ap,l, as 
follows: 
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where u’(r, ) is the amplitude of the optical vortex created by the SPP, up,l is the 
amplitude of the LG mode with indices p and l, p is the radial index, and l is the 
topological charge. For instance, when a conventional Gaussian beam is incident onto the 
SPP with l=1, the conversion efficiency, |a0,1|
2, from the Gaussian beam to the first-order 
LG mode is estimated to be ~0.7. 
 
Fig. 2.4 Spiral phase plate for LG mode generation [2]. 
 
A computer-oriented holographic technique based on a liquid-crystal displaying device, 
called a spatial light modulator (SLM), also allows us to easily create a variety of optical 
vortices, such as higher-order LG modes, higher-order Bessel modes and multiple 
vortices, as diffracted beams merely by displaying a designed holographic pattern onto 
the SLM [3-4] (Fig. 2.5). For instance, the simple Y-shaped holographic pattern 
(interferometric fringes formed of optical vortex and its reference plane wave) enables us 
to convert a Gaussian beam into a first-order optical vortex with a topological charge of l 
= 1, as shown in Fig. 2.4. 
However, the SLM has drawbacks such as a diffraction loss and a low damage 
threshold, also, it is ill-suited for a pulsed or a high-power CW laser source. In general, 
its damage threshold is approximately estimated to be 10 W at the average power and 1 
kW/cm2 ~1 MW/cm2 at intensity. 
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Fig. 2.5 Optical-vortex generation by utilizing a spatial light modulator. 
 
 A pair of cylindrical lenses (focal length of f) placed at a distance of f2 , as shown 
in Fig. 2.6, also acts as a mode converter from HG modes to the LG modes [5]. The HG10 
mode is injected into a cylindrical lens inclined at 45 to the horizontal axis. The pair of 
cylindrical lenses then gives a phase /2 shift to the decomposed HG10 and HG01 modes 
owing to the difference of Rayleigh ranges at the (x,y) plane and the (y,z) plane, so as to 
produce the LG01 mode. 
 
 
Fig. 2.6 Optical vortex generation by using a pair of cylindrical lenses [5]. 
 
 
2.4 Angular momentum of photons 
A paraxial beam is almost identified with the superposition of a planar 
electromagnetic field propagating parallel to the z-axis. Thereby, the electromagnetic 
field has a few z-components. The electric field of a paraxial beam consists of x and z 
components that can be expressed as follows: 
SLM
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The first derivative until 1/k is satisfied with div E = 0. In this case, using the formula
t
rot



B
E , the density of the light magnetic flux is written as 
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where B0 and c are equal to E0/c and the velocity of light.  
These formulas show that the electric field and the density of the magnetic flux have z 
components of 1/kW: 
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Equation (2.38) is the substituted equation (2.36) and (2.37), with can be rewritten as 
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Here, u=|u|exp(-jθ) is introduced real part phaseθ,    yyxxt  /ˆ/ˆ , and xˆ , 
yˆ , and zˆ  are unit vectors of each of the component directions, respectively.  
 
2.5 Density of light angular momentum 
The angular momentum density of light, P, expressed as the time-averaged real 
part of the Poynting vector, can be written as follows: 
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Here, u, ω, k and s are the amplitude of the light field, the frequency of light, the 
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wavenumber and the spin angular momentum (1 or -1) for right-hand or left-hand 
circularly polarized light, respectively. z and  are unit vectors of the z and azimuthal 
directions.  
Additionally, the light angular-momentum density, j, of the light is written as 
 
Prj  , (2.40) 
where r is a unit vector along the radial direction.  
 
2.6 Angular-momentum density of an optical 
vortex 
 
As shown in the above chapter concerning on, optical vortex, the Laguerre-
Gaussian mode (see Fig. 2.2), is the eigenmode of paraxial propagation of the 
electromagnetic equation in a cylindrical coordinate system. The characteristics of optical 
vortices show a doughnut-shaped spatial profile and orbital angular momentum due to a 
phase singularity. 
Upon substituting equations (2.33) and (2.39) into equation (2.40), the following 
equation is given as 
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Here, jl,s is the angular-momentum density of a circularly polarized Laguerre-Gaussian 
mode beam.  
Substituting equation (2.34) to equation (2.41), this equation can be written as  
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where  and 0 are the frequency of the optical vortex and the beam waist, respectively. 
By reversing the signs of l and s in Eq. (8), the spatial distribution of the angular- 
momentum density, jl,s, is inverted. 
The total angular momentum, J, given by the sum of the orbital l and the spin s angular 
momenta per photon, is conducted by the surface integral of the angular-momentum 
density, jl,s. Consequently, the circularly polarized Laguerre-Gaussian modes have a total 
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angular momentum of J per photon. 
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Chapter 3 Optical-vortex laser 
processing 
 
3.1 Introduction 
 
Laser materials processing has been widely investigated since the development of the 
laser. Recently, laser processing has experienced great demand increases, such as 
increases of the laser powers. Laser processing includes a very complex phenomenon 
with some interactions (ex. physical and chemical change) between light and the material 
because the heat source has a very high energy density. All phenomena, including the 
absorption and reflection of light, the power density of the laser, generation of a plasma, 
are not established yet. 
 
3.2 Laser processing 
3.2.1 Basic knowledge concerning laser processing 
The following four factors, as basic elements of laser processing, are listed: 
 
A) Laser wavelength 
The laser wavelength is a key parameter for the optical absorption and reaction of the 
material. 
 
B) Laser intensity and fluence 
The hydrodynamics of the melted (or vaporized) materials is determined by the laser 
intensity and fluence. For instance, a continuous-wave (CW) laser with a temporally 
constant power enables us to develop high-energy heat processing, such as welding. 
 
C) Laser pulse width 
The laser pulse width is a key to control the heat-diffusion effects in the processed 
materials. For instance, ultrashort pulse lasers, such as picosecond or femtosecond lasers, 
allow us to perform a nano- or micro-fabrication, called ‘laser ablation’, of materials 
without debris due to heat-diffusion effects. 
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D) Physical properties of materials 
Individual materials exhibit individual thermo-physical properties such as the absorption 
coefficient, specific heat, thermal conductivity, and heat diffusivity, owing to electric or 
vibronic transitions of atoms and molecules, thereby yielding different processing 
performances. In particular, the heat-diffusion effects in materials play an important role 
to determine the processing threshold.  
 
3.2.2 Light source of laser processing 
Lasers are classified into CW lasers and pulse lasers. The output power of CW 
lasers remains temporally unchanged, while pulse lasers can collect their energy into a 
short time duration. Pulse lasers possess a higher peak power than that of CW lasers even 
though they have the same average powers.  
The pulse laser intensity, I, is expressed as follows, 
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E
I  (3.1) 
where E, S and are the energy per pulse, the cross section of the beam and the pulse 
duration, respectively. The beam intensity, I, is proportional to the pulse energy and is 
inversely proportional to the cross section of beam and the pulse duration. A laser beam 
with a high spatial coherence can be focused to be a small spot with a diffraction limit by 
using a conventional lens. As the laser intensity, I, increases, many nonlinear optical 
effects and the generation of a plasma can be induced. 
 
3.2.3 Theoretical laser ablation threshold 
The absorbing laser energy, E (J/kg), per unit area is expressed as 
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where I is the absorbed light intensity, L is the laser pulse duration,  is the material 
density, and l is the absorption length, respectively. 
When the absorbed energy E per unit volume exceeds the energy density required for 
sublimation of the material, the irradiated target can be ablated.  
The ablation threshold, Ith, is defined as follows: 
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29 
Assuming that the laser pulse width is sufficiently longer than the heat diffusion time, the 
absorption depth, l, can be approximately estimated by 
 
,LDl   (3.4) 
where D is the thermal-diffusion coefficient. Using equations (3.3) and (3.4), it can be 
shown that the laser ablation fluence, Fth, is proportional to the square root of the pulse 
duration, given by 
 
.Lth DF   (3.5) 
 
3.2.4 Experimental laser-ablation threshold 
A crater method used to experimentally estimate the ablation threshold, is also 
addressed as below [1,2]. The depth of the ablated zone, L, as a function of the laser 
fluence, F, with a single-pulse irradiation is approximately expressed as follows: 
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where α is the absorption coefficient of the target material, and Fth is the ablation threshold, 
respectively. Thus, the ablation threshold can be given by 
  LFFth  exp . (3.7) 
 
3.3 Optical property of materials 
 
3.3.1 Lorentz model 
In semiconductors and dielectric materials, for existing bound electrons, the 
Lorentz model [3] can be applied. 
The polarization, P, induced in materials determines the dielectric constant,  of 
materials: 
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 (3.8) 
A shift of the gravity center between a positive charge and a negative charge or a deviation 
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from the equilibrium point between positive ions and negative ions generate a polarization 
charge. From the viewpoint of the response to an electric field, materials are considered 
to involve the collection of electric dipoles with an eigen-frequency. Accordingly, by 
assuming that an object with mass of m, which is bound by a spring, an electric dipole is 
treated as a classical harmonic oscillator with a frictional force that is proportional to the 
velocity. This is a simple explanation of Lorentz model. 
In the case of adding electric fields along x direction, E0 e
jt, the motion equation is given 
by  
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where e, m and are the electron charge, the mass of the electron, and the friction 
coefficient.  
By solving the above motion equation with assumption x=X0exp(jt), the dipole 
moment, p, can be written as  
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Assuming a dipole moment density of N0, the polarization, P, can be written as 
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Thus, the dielectric constant,  is given as 
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where s is the dielectric constant, including spontaneous electric polarization. 
Consequently, the reflective index of dielectric materials can be rewritten as follows: 
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Fig. 3.1 Frequency dependence of (A) the refractive index and (B) the absorption 
coefficient of forced vibration. 
 
3.3.2 Drude model 
The Drude model is adopted for free electrons in metals or semiconductors. 
Electrons without experiencing binding can move freely in materials. Therefore, we need 
not consider a restoring force or friction, and equation (3.9) is changed as 
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The dipole moment is written as   
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In a manner similar to the Lorentz model, the dielectric constant is given as 
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The refractive index is written as follows: 
32 
 
,1
1
1
2
2
0
0
2
2
2



p
m
Ne
n 





  (3.17) 
where ωp is defined as the plasma frequency. 
Here, plasma frequency ωp is expressed as 
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Where the frequency ω of the electric field is equal to the plasma frequency, ωp, the 
electron density can be given as 
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When the electron density of the plasma is lower than the critical density, the light 
irradiated onto the plasma is absorbed by inverse bremsstrahlung.  
The absorption coefficient is given by 
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Here, kB, T, Ni, Z, ω and ħ are the Boltzmann constant, the electron temperature, the ion 
density, the average electron density, the frequency of the incident beam and the Planck 
constant. 
 
3.4 Optical-vortex laser processing 
Hamazaki et al. reported on the first demonstration of laser materials processing 
by the illumination of an optical-vortex pulse. The resulting ablated surface with less 
debris was relatively smooth, owing to the orbital angular-momentum effects, even by 
utilizing a nanosecond laser pulse, as shown Fig. 3.2. Also, the orbital angular-momentum 
effects reduced the ablation threshold [4]. 
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Fig. 3.2 Optical-vortex laser processing [4]. 
 
Omatsu et.al. discovered that a circularly polarized optical vortex with a non-zero total 
angular momentum enables us to form microneedles on a metal substrate [5]. The 
fabricated microneedle exhibited a >10mm height and an ~100nm tip diameter. Figure 
3.3 shows a 3 dimensional image of a needle observed by a laser-scanning microscope 
(Keyence VK-9700/VK9710GS) with a spatial resolution of 2 nm. 
 
Fig. 3.3 Metal microneedles observed by a laser-scanning microscope [5]. 
 
Toyoda et al. further discovered that an optical vortex can transfer its orbital 
angular momentum to melted metals, so as to form chiral structures on a nano-scale [6], 
also the chirality of the fabricated metal nanostructures can be selectively controlled by 
the handedness (sign of the orbital angular momentum) of the optical vortex. Fig. 3.4 
shows SEM images of metal chiral nano-structures, evidencing that the orbital-angular 
momentum transfer effects twist materials on a nano-scale. 
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Fig. 3.4 Chiral metal nanostructures observed by a scanning electron microscope [6]. 
 
They also revealed that the orbital angular momentum can determine the 
handedness of the fabricated chiral nano-structures and that the total angular momentum 
can determine the spiral frequency of the chiral nano-structures [7].  
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Fig. 3.5 Effects of three types of angular momentum, including orbital, spin and total 
angular momentum [7]. 
 
Such optical-vortex materials processing based on the orbital angular-
momentum transfer effects enables the creation of microneedles at ultra-high speed and 
with a high cost efficiency. 
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Chapter 4 Silicon crystal 
 
4.1 Crystal structure of monocrystalline silicon 
 
Monocrystalline silicon (Si) is the standard material in the electronic industries. 
It has been intensely investigated in various fields of photonics, such as photonic crystals 
[1], photonic integrated circuits [2,3], and photovoltaic cells[4,5]. Monocrystalline Si 
nanostructures, for instance, nanowires [6], nanotubes [7], and nanorods [8], can 
significantly improve the performance in the aforementioned Si photonic devices.  
In particular, chiral monocrystalline Si nanostructures, being difficult to fabricate, 
even by utilizing advanced chemical techniques, will potentially play an important role 
as novel nanostructures in many novel applications, such as nanoscale chemical reactors, 
nanosensors with chiral selectivity, metasurfaces with optical rotation in the terahertz 
region,[9,10] and photovoltaic cells with ultrahigh-efficiency [11]. 
Such interactions of structured light, having a phase (or polarization) singularity, 
with natural and structured materials allows for a variety of physical phenomena, 
including self-healing propagation [12] and nanoscale plasmonic focusing [13,14]. 
 
4.2 Physical property of silicon 
  
The chemical symbol of monocrystalline Silicon (Si), is the atomic number, 14. 
Thus, the number of the outermost shell electrons is 4. Silicon crystal with a face-centered 
cubic lattice has a diamond structure with covalent bonds. 
Normally, by adding an impurity, the amount of free electrons in the crystal increases, 
resulting in an increase the electrical conductivity. The physical properties and the 
absorption coefficient of Si as a function of wavelength [15] are given as Table 4.1 and 
Figure 4.1. 
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Table 4.1 Physical property of silicon 
 
 
Fig. 4.1 Absorption coefficient of Si as a function of the wavelength [15]. 
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Chapter 5 Monocrystalline chiral 
silicon nanostructures 
 
5.1 Introduction 
A circularly polarized nanosecond optical vortex pulse can force a melted metal 
to be directed towards the dark core by total angular-momentum effects [1]. In this chapter, 
the creation of chiral cone-shaped Si nanostructures (Si nanocones) by irradiating a single 
optical vortex pulse to a monocrystalline (100) Si substrate has been presented.  
 
5.2 Methods 
A schematic diagram of our experimental setup is shown in Fig. 5.1. A 
conventional Q-switched Nd:YAG laser (wavelength of 1064 nm; pulse repetition rate of 
50 Hz; spatial profile of Gaussian; pulse duration of 30 ns) was used as the pump source. 
A spiral phase plate (SPP), having an azimuthal 2π phase shift, converted the Gaussian 
output to a first-order optical vortex pulse with l = 1. Also, a quarter-wave plate was 
utilized in order to provide the necessary spin angular momentum associated with the 
circular polarization to the optical-vortex pulse. With this system, the total angular 
momentum per photon, Jħ, of the optical vortex pulse was 2ħ. To reverse the sign of J, 
the spiral plate and the quarter-wave plate were inverted; then, the J of the optical vortex 
pulse was -2ħ. A surface-polished (100) monocrystalline Si plate with dimensions of 
24×12×0.7 mm3 was then used as a target. 
The circularly polarized optical vortex was loosely focused to be a φ25μm spot 
onto a Si target by an objective lens (NA~0.1). All experiments were performed with 
single vortex pulse irradiation at atmospheric pressure and at room temperature.  
A platinum sputtered coating was achieved on the processing zone of the Si plate, 
which was observed by scanning electron microscopy (JEOL, JSM-6010LA) with a 
spatial resolution of 8 nm at 3 kV. 
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Fig. 5.1 Schematic of the experimental setup for chiral silicon nanocone formation 
using an optical-vortex pulse. 
 
5.3 Experimental results 
5.3.1 Monocrystalline chiral silicon nanostructures 
First of all, the experimental ablation threshold of ~0.02 mJ, estimated by the 
crater method, is rather small, owing to a lower melting temperature (1.69×103 K) [2] and 
a lower reflectivity (dielectric constant = 12.7) for the 1064 nm pump laser [3,4] of the 
silicon compared with the metal tantalum (melting temperature = 3.26×103K; dielectric 
constant = -25.4+10i) used in our previous experiments [1]. Above this energy level, 
cone-shaped Si nanostructures (Si nanocones) were created on the ablated Si surface. 
Figure 5.2 shows a scanning electron microscope (SEM) image of a Si plate 
ablated at a pulse energy of 0.1 mJ. A Si nanocone was formed at the center of the 
processing zone on the Si substrate, and it had a tip curvature of 110 nm, a height of 1.0 
μm (measured from the target surface) and a 4.8 μm length of the Si nanocone (measured 
between the top and bottom ends of the cone). The nanocone also had a spiral structure 
on its conical surface. By inverting J (J = -2), the direction of the spiral structure on the 
conical surface was reversed as shown in Fig. 5.3. Under the condition of higher pump 
energies (above 0.2 mJ), spiral structures on the conical surface could not be formed (see 
Fig. 5.4). This phenomenon was discussed concerning our previous experiment [1]. 
j = ±2 = ±1 s = ±1
SPP
(Spiral Phase Plate) QWP
(Quarter Wave Plate)
Crystalline
Silicon
Objective Lens
(NA ~0.1)
Nd:YAG
λ: 1064nm
PRF: 50Hz
Pulse Width: 30ns
43 
 
Fig. 5.2 Side view of fabricated Si nanocone using an optical-vortex pulse with J = +2. 
The chiral Si nanocone has a tip curvature of 110 nm, a height of 1.0 μm and a length of 
4.8 µm. The twisted structure appeared on conical surface. 
 
 
Fig. 5.3 SEM images of chiral Si nanocones formed by an optical-vortex pulse with J = 
+2 (clockwise) and J = -2 (counterclockwise), respectively. 
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Fig. 5.4 SEM image of Si nanocones without a conical surface fabricated 
pumped an optical vortex pulse with an energy of 0.2 mJ and a total angular momentum 
of J = +2. 
 
To clarify how the orbital angular momentum contributes to chiral-cone 
formation, the silicon substrate was also pumped by a circularly polarized annular beam 
(l = 0) with a dark core (it was a non-vortex beam only with spin angular momentum), 
generated by a damaged mirror with a low reflective defect. The resulting non-chiral Si 
nanocone without a spiral conical surface was then formed (see Fig. 5.5), indicating that 
the orbital angular momentum played a role to force the melted Si to spin azimuthally, 
and the spin angular momentum only reinforced the orbital motion of the melted silicon. 
 
Fig. 5.5 SEM images of non-chiral Si nanocones formed by a circularly polarized 
annular beam (l = 0) with s = +1 and s = -1, respectively. 
 
5 μm
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0.1 mJ, 1 pulses = +1
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5.3.2 Crystal structure analysis 
 In order to analyze crystal structures, the electron backscattering diffraction 
method and Raman spectroscopy were performed. The electron backscattering diffraction 
pattern and Raman spectrum of the fabricated Si nanocone tip were fully identical with 
those of a monocrystalline Si substrate (see Fig. 5.6). The lattice index of the Si nanocone 
was also identical to that of the (100) Si substrate. These results evidence that the created 
Si nanocone was recrystallized to be monocrystalline on the Si substrate. 
Normally, a thin SiO2 layer with a thickness of several nanometers [5] covers the 
Si nanocone; however, it does not have any bad influence on electron diffraction or 
Raman-spectrum analyses. 
 
(i) (ii)
0.1 mJ, 1 pulse
5 μm
(i)
(ii)j = +2
(a)
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Fig 5.6 (a) Electron-diffraction patterns of (i) a Si nanocone tip and (ii) a Si substrate.  
(b) Experimental Raman spectra of a Si nanocone and a Si substrate. 
 
5.4 Discussion 
5.4.1 Temperature-distribution analysis 
The recrystallization of Si by irradiating a femtosecond pulse laser with a 
Gaussian spatial profile was previously reported, in which polycrystalline materials were 
mostly formed. In general, such monocrystalline Si formation will require a gentle 
temperature gradient and a low removal rate for the latent heat in the melted Si pool 
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(liquid-phase) [5,6].  
Numerical simulations of the temporal evolution of the thermal distribution in Si 
using the finite element method are shown in Fig. 5.7. The physical parameters used in 
these numerical simulations are listed in Table 5.1. The enthalpy method was also 
employed to determine the release (or storing) of latent heat during the melting and 
boiling of Si [7]. The thermal radiation from the surface of the Si substrate was also 
considered. 
In the case of low-energy pumping (a pump pulse energy of 0.15 mJ), the 
temperature of the melted Si pool reached up to ~2630 K (the boiling point) at the 
irradiated region of an optical vortex pulse. Subsequently, it was maintained at the melting 
point (~1680 K) for >1 μs. At an additional ~140 ns later, the temperature of the core, in 
which a monocrystalline Si chiral nanocone was produced, also reached the melting point. 
Such a low thermal gradient between the melted pool and the core forced the melted Si 
to be re-crystalized on the Si substrate without any undesired spontaneous nucleation in 
the liquid Si. The melted Si was also forced to spin around the core of the optical vortex. 
Thus, a decrease of the thermal gradient in the Si pool would further occur. Thus, the 
melted Si was re-crystalized to form a monocrystalline chiral nanocone on the 
microseconds scale. 
Upon a high-energy pumping (pump pulse energy of 0.3 mJ), the temperature of 
the melted Si reached around the boiling point with a ~1 μs delay after the irradiation 
laser pulse, while the temperature of the core was maintained at the melting point with a 
~400 ns delay. Upon an additional ~2 μs laser treatment from laser pulse irradiation, the 
temperatures of both the pool and core dropped to the melting point. The resulting orbital 
motion of the melted Si was fully overdamped, and thus the recrystallized Si nanocone 
showed no spiral conical surface. 
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Fig. 5.7 (a) Schematic model for analyzing the temperature distribution in the Si substrate 
by irradiating an optical vortex pulse. (b) Simulated 2D temperature distribution in the Si 
substrate at the irradiated zone. (c) Temporal evolution of the temperatures at (i) core and 
(ii) pool at a pulse energy of 0.15 mJ. (d) Temporal evolution of the temperatures at (i) 
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the core and (b) the pool at a pulse energy of 0.3 mJ.  
 
5.4.2 Model for the formation of monocrystalline chiral 
silicon nanostructures 
Si exhibits different optical properties from those of metals. Even Si 
nanoparticles show considerable absorption at around 1064 nm due to the HOMO-LUMO 
transition. Such absorption is characterized by the polarizability, γ, having a positive 
imaginary part [8]. Namely, the gradient force generated by the optical vortex supported 
the collection of the melted Si in the dark core of the optical vortex.  
The melted Si would be also forced by an optical scattering force, Fs(r), 
expressed as 
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where |u(r)|2, r, a, ω0 are the spatial intensity profile of the optical vortex, the radial 
coordinate of the optical field, the particle radius, and the beam waist of the vortex on the 
Si substrate. The melted Si was repelled by this scattering force, so as to be directed 
toward the dark core. 
Actually, the radial gradient ofΔF(r) for the forward-scattering force near to the dark 
core (r < ω0) is given by 
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ΔF(r) is proportional to the radial displacement, r, which works as a restoring force to 
gather the melted Si to the axial core of the optical vortex. The experimental observations 
are supported by the following model. 
The orbital angular momentum can force the melted Si to rotate around the core of the 
optical vortex by irradiating an optical vortex pulse. 
In fact, Fig. 5.8 shows that fabricated spiral structure of the Si nanocone could be well 
fitted by a logarithmic spiral function, given as 
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where θ0, α and β are the initial phase, the initial radius of the circular motion and the 
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damping factor, respectively.  
The experimental α and β values were then estimated to be 2.4 μm and 5.1×10-2, 
respectively. The initial radius, α, of the circular motion, which depends on the terminal 
kinetic energy of the melted Si, increased along with an increase into pump energy. From 
Fig. 5.9, we can realize that α was reinforced slightly by the spin-angular momentum 
effects of the optical vortex pulse. This evidenced that the spin angular momentum 
enhanced the optical angular-momentum density at a sufficiently large r (r > ω0) [1]. We 
also noticed that even an optical vortex with J=0 (the spatially averaged total angular 
momentum over the whole beam aperture is zero) exhibits a nonzero local angular 
momentum that could create chiral Si nanocones [1]. The melted Si is also ejected, 
simultaneously, into the core by the driving force, owing to the forward-scattering force. 
Finally, the melted Si is mass-transported and supercooled on a microsecond scale, so as 
to be re-crystalized as a monocrystalline chiral nanocone. In contrast, the damping factor, 
β, which is decided by some kinds of physical parameters, such as some friction and 
viscosity, does not depend on the magnitude of the pump energies (see Fig. 5.10). 
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Fig. 5.8 Fabricated spiral Si nanocone fitted by a Logarithmic spiral function. Also, 
definitions of the parameters of the logarithmic spiral function. 
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Fig. 5.9 Parameter α as a function of the magnitude of the total angular momentum, j. 
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Fig. 5.10 Parameters α and β as a function of the pump energy. 
 
5.5 Conclusions 
We have found that chiral Si nanocones can be created by irradiating a 
nanosecond optical-vortex pulse. The fabricated chiral Si nanocones with a lattice index 
of (100) were monocrystalline, and had a tip curvature of ~110 nm, a height of 1.0 µm, 
and a length of 4.8 μm. Their chirality could also be controlled by the sign of the orbital 
angular momentum (the handedness of the optical vortex). Such a phenomenon was 
induced by orbital angular momentum transfer from the optical vortex to the melted Si. 
These monocrystalline chiral Si nanostructures will open doors to new technologies, such 
as plasmonic probes, metamaterials for use in the terahertz region, nanoscale chemical 
reactors, imagers with chiral selectivity, and ultrahigh-efficiency photovoltaic cells. 
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Chapter 6 Fabrication of 
Monocrystalline silicon nanoneedles  
 
6.1 Introduction 
This chapter reports on the fabrication of monocrystalline Si nanoneedles by the 
irradiation of picosecond optical vortex pulses, for the first time. The temporal evolution 
of the Si nanoneedle formation was also investigated by utilizing an ultrahigh speed 
camera, and observing how the silicon needle was formed by optical vortex-pulse 
illumination, for the first time. 
 
6.2 Methods 
The basic experimental setup is identical with that used to create of chiral silicon 
cones. Figure 6.1 shows a schematic diagram of the experimental setup for silicon needle 
fabrication employing an ultrahigh-speed camera. 
The pump laser used in this experiment was a conventional Q-switched mode-
locked Nd:YAG laser (B.M. industries, Series 5000) having a wavelength of 1064 nm, a 
pulse repetition rate of 10 Hz, and a pulse duration of 20 ps. The circularly polarized 
optical vortex pulse is produced in the same manner as described in chapter 5. The 
measured output energy on the target surface was 0.1–1.6 mJ. The circularly polarized 
optical vortex pulse was focused to be a spot with a diameter of approximately 60 μm on 
the Si target surface by an objective lens with a numerical aperture of 0.13. All 
experiments were also performed under atmospheric pressure and at room temperature. 
In order to visualize the temporal dynamics involved in the formation of a silicon needle, 
an ultrahigh-speed camera with a rate of 5 × 106 frames/s (Shimadzu Corp., Hyper Vision 
HPV-X) was employed. 
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Fig 6.1 Schematic diagram of the experimental setup for Si nanoneedle fabrication. 
 
6.3 Experimental results 
Fig. 6.2 shows a needle-shaped structure (Si nanoneedle) with little debris 
fabricated by irradiating a picosecond optical vortex pulse (single vortex-pulse 
deposition) with an energy of 0.6 mJ. This value is higher than the ablation threshold 
(approximately 0.03 mJ), determined by using the crater method [1]. The circularly 
polarized optical vortex pulse has a total angular momentum, J, of 2 (orbital angular 
momentum, +1; spin angular momentum, +1). 
 
 
Fig. 6.2 The SEM image of a fabricated Si nanoneedle by irradiating a 
picosecond vortex pulse with an energy of 0.6 mJ. 
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At a pulse energy above 0.6 mJ, the height of the needle, defined as the length 
between the silicon surface and the top of the needle, reached approximately 14 μm. The 
‘length’ of the needle, also defined as the length between a top and a bottom ends of the 
needle, was measured to be 15 μm. The height and length of the needle were measured 
by utilizing a laser scanning microscope (Keyence VK-9700/VK9710GS).  
The curvature radius of the needle was also measured by fitting the tip with a 
circle. The thickness was also defined as the full-width-at-half-height of the needle. Its 
curvature radius was measured to be about 160 nm, while its thickness was maintained at 
approximately 3.0 µm, even with an increase of the pump energy. 
Figures 6.3, 6.4 and 6.5 show the experimental height, length and thickness of 
the fabricated nanoneedles as a function of the vortex pulse energy. 
 
 
Fig. 6.3 Measured height of needles as a function of the vortex pulse energy. The plots 
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show the height by the illuminations of picosecond (red squares) and nanosecond (blue 
triangles) vortex pulses. The error bars correspond to the standard deviations of the 
measured values. 
 
Fig. 6.4 Measured length of needles as a function of the vortex pulse energy. The plots 
show the height based on picosecond illuminations (red squares) and nanosecond (blue 
triangles) vortex pulses. The error bars correspond to the standard deviations of the 
measured values. 
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Fig. 6.5 Measured thickness of the needles as a function of the vortex pulse energy. The 
plots show the height by the illuminations of picosecond (red squares) and nanosecond 
(blue triangles) vortex pulses. The error bars correspond to the standard deviations of the 
measured values. 
 
The formation of Si nanoneedles will be prevented by undesirable heating effects 
arising from high-energy pulse irradiation. Actually, in the case of irradiating a 
nanosecond pulse (pulse energy of 0.6 mJ; pulse duration of 20 ns), a bump-shaped 
structure with any debris, owing to significant heat diffusion effects, was formed (see Fig. 
6.6).  
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Fig. 6.6 SEM image of a Si nanoneedle fabricated by irradiating a nanosecond vortex 
pulse having an energy of 0.6 mJ. 
 
Even at the high-energy pumping, the measured height (length) of the fabricated 
bump was limited up to ~10 µm (~12 µm), and the measured thickness (~10 µm) was 
>3.3-times that of the Si nanoneedles formed by picosecond pulse illumination (Fig. 6.3, 
6.4 and 6.5). These results show that picosecond-pulse illumination is suitable for the 
formation of Si nanoneedles with undesired debris owing to heat diffusion effects. 
Surface structuring (e.g. ripples) along a radial or azimuthal (or spiral) 
polarization direction by 20~100 femtosecond vortex pulses deposition has already been 
reported [2,3]. However, in our study, a single femtosecond vortex pulse (wavelength, 
~800nm; pulse energy, ~0.2 mJ; pulse width, ~200fs) irradiated the silicon surface 
without any thermal melting. Thus, we observed only an annular crater without any ripple 
structures arising from the interactions between the incident and surface-scattered light 
(Figs. 2(a) and (b)). 
In contrast, single picosecond-pulse (pulse energy, 0.2 mJ) deposition can form 
a nanoneedle with a height of 7.5 m (Fig. 2(c)). This experiment indicates that an optical 
vortex pulse with a pulse duration of at least 10 ps is needed to create such needle 
formation. 
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Fig. 6.7 (a) Silicon surface ablated by a femtosecond vortex pulse having an energy of 
0.2 mJ. (Top view). (b) Silicon surface ablated by a femtosecond vortex pulse with an 
energy of 0.2 mJ. (Side view) 
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Fig. 6.8 Silicon needle structured by a picosecond vortex pulse having an energy of 0.2 
mJ. 
 
The height of the fabricated Si nanoneedle can be increased (see Fig. 6.9) by 
overlaying several picosecond vortex pulses. The pulse energy was then fixed at 0.8 mJ. 
The height (length) of the fabricated Si nanoneedle reached approximately 40 µm (47 
µm) by superimposing 12 picosecond vortex pulses on the target surface. Figure 6.10 
shows the measured height and thickness of the Si nanoneedles as a function of the 
number of overlaid picosecond vortex pulses. 
 
 
Fig. 6.9 SEM image of a Si nanoneedle fabricated by the irradiation of 12 overlaid 
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vortex pulses 
 
 
Fig. 6.10 Measured average height and thickness of the Si nanoneedles as a function of 
the number of overlaid picosecond vortex pulses. The error bars correspond to the 
standard deviations of the measured values. 
 
The electron backscattering diffraction of a Si nanoneedle fabricated by single 
pulse deposition was fully identical to that of the silicon substrate with a lattice index of 
(100) (see Fig. 6.11), though the thermal shock arising from the irradiation of optical 
vortex pulses forms few submicron-sized voids inside the Si nanoneedle. These results 
indicate that the fabricated Si nanoneedle is also recrystallized to be monocrystalline on 
the silicon substrate. Overlaid vortex pulses reinforce the thermal stress so as to increase 
submicron-sized voids inside the Si nanoneedle (see Fig. 6.12).  
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Fig. 6.11 Electron-diffraction patterns of (i) the monocrystalline silicon substrate and 
(ii) a fabricated Si nanoneedle formed by the single vortex pulse deposition and the 
cross section of the Si nanoneedle with a lattice index (101). 
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Fig. 6.12 Electron-diffraction patterns of (i) the monocrystalline silicon substrate and 
(ii) a fabricated Si nanoneedle formed by 12 vortex pulses as well as the cross section of 
the Si nanoneedle with a lattice index (101). 
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6.4 Modeling for the formation of 
monocrystalline silicon nanoneedles 
 
Monocrystalline silicon formation generally requires a low removal rate for the 
latent heat stored in the melted (liquid-phase) silicon. However, polycrystalline silicon 
materials were mostly formed in previous studies of the Si re-crystallization by ultrafast 
(femtosecond or picosecond) pulse laser irradiation [4,5].  
Figure 6.13 shows the temporal evolution of silicon needle formation, observed 
by using an ultrahigh-speed camera. 
The radial gradient, ∆F(r), of the scattering force near to the dark core (low-
intensity region, r < ω0) as mentioned in chapter 5, will work as a restoring force to collect 
the melted Si within the dark core of the optical vortex. Also, the vaporization of Si was 
induced by pumping a picosecond pulse with a high peak power. The melted Si is then 
confined to the dark core by a recoil pressure generated by the vaporization (first stage). 
After vortex-pulse irradiation (the recoil pressure also disappeared), i.e. 200-600 
ns, the recoiled Si was cooled, and then expanded along with recrystallization in the outer 
region. This was because the solid silicon has a lower mass density ρ0 (2.3g/cm3) [7] than 
the ρ1 (2.6g/cm3) [7] of liquid silicon. Also, the thermal-diffusion effect should melt and 
shrink the Si near to the dark core. Such a mass-transport driving force with solid-liquid 
hydrodynamics on a submicrosecond time scale acts to collect the melted silicon within 
the dark core of the optical vortex (second stage). After an additional 200–600 ns, the 
melted Si was deposited at the core. Figure 6.13 also shows that superfluous silicon 
droplets with submicron size were created when the pulse energy was higher than the 
ablation threshold. This phenomenon is based on a capillary-wave instability. 
The radius, a, of the droplets created in the capillary-wave instability was 
calculated to be 1.3 µm by utilizing the following formula [8]: 
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, (6.1) 
where σ, v and M are the surface-tension coefficient (770mN/m), the velocity of the 
silicon droplet (~50m/s; the velocity was estimated from Fig. 6.13) and is the Mach 
number (~0.3), respectively. The estimated droplet radius is determined by Fig. 6.13. 
The instability time constant, 1/ Γ [8], is defined as 
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and was also estimated to be ~7 ns. The required time needed to eject the silicon droplets 
is expected to be at least >10ns. In this way, the silicon needle formed with a nonspiral 
conical surface and the silicon droplets then flew away from the tip of the Si nanoneedle, 
simultaneously (third stage). 
 
Fig. 6.13 Temporal evolution of Si nanoneedle formation observed by utilizing an 
ultrahigh-speed camera upon optical vortex pulse irradiation. The temporal evolution is 
classified under three stages. (First stage) The Si is melted by optical-vortex pulse 
irradiation. (Second stage) After the vortex-pulse irradiation, the melted Si is gathered to 
the dark core of the optical vortex. (Third stage) The Si is gathered at the core of the 
optical vortex; simultaneously, the Si droplets then fly away from the tip of the Si 
nanoneedles. The resulting Si nanoneedle is formed. They move in such a way as to form 
a straightly, and their diameter (radius) is typically measured to be 4 (2) m. 
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Such slow dynamics of the melted silicon (microsecond time scale) induced 
recrystallization of the monocrystalline silicon nanoneedle. In the case of overlaying a 
vortex pulse, the height of the silicon needle also increased on a submicrosecond time 
scale, as shown in Fig. 6.14. 
Fig. 6.14 Temporal evolution of Si nanoneedle formation observed by utilizing an 
ultrahigh speed camera under 12 vortex pulse irradiation onto the silicon target. The 
temporal evolution is classified according to three stages. (First stage) The Si is melted 
by the optical-vortex pulse irradiation. (Second stage) After this irradiation, the melted 
silicon is gathered onto the Si nanoneedle. (Third stage) Any undesired Si droplets then 
move away. The height of the Si nanoneedle is also reinforced. 
 
A nanoneedle (nanojet) on a silicon surface [9] might be formed by the ultrafast laser-
induced explosion and melting. Circularly polarized Gaussian pulse irradiation induces a 
thermal explosion, and subsequent melting of the silicon rapidly (<200ns). A resulting 
shallow crater without any needles is formed (see Fig. 6.15). These results indicate that 
the structured optical radiation forces, based on optical vortex pulses, induce the slow 
temporal dynamics of the melted silicon so as to form the obtained monocrystalline 
silicon needle. 
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Fig. 6.15 Temporal evolution of the ablated silicon surface, visualized by employing an 
ultrahigh-speed camera upon the irradiation of a picosecond pulse having a Gaussian 
spatial form. Thermal explosion and melting of the silicon occurred within 200ns; this 
resulted in shallow crater formation without any needles. 
 
A circularly polarized annular beam without any orbital angular momentum was 
also irradiated onto the silicon. The focused spatial profile of the annular beam is shown 
in Fig. 6.16. Then, the pulse energy was also fixed at 0.8 mJ, and the fabricated silicon 
structure was shaped to be a cone with a height of ~9.0 µm and a thickness of ~3.8 µm. 
(see Fig. 6.17). 
 
 
Fig. 6.16 Intensity profiles of (i) focused annular beams and (ii) optical-vortex beams. 
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Fig. 6.17 SEM image of a Si cone fabricated by irradiating a circularly polarized 
annular beam. 
 
Actually, the silicon droplets flew away from the silicon substrate onto 
irradiating an annular beam pulse with a wide divergence angle, θ, of flight (>6o), so as 
to impact an efficient accumulation of the silicon on the substrate (see Fig. 6.18). These 
results mean that the optical vortex enables the spinning motion of the Si droplets by total 
angular-momentum transfer effects. The resulting silicon droplets fly straightly away 
from the tip of the Si nanoneedle, and efficiently accumulated in the dark core to form a 
Si nanoneedle on the substrate. In fact, low-energy (0.05 mJ) picosecond-pulse deposition 
creates a chiral Si structure (see Fig. 6.19). These experiments evidence that the melted 
Si is spinning due to orbital angular-momentum transfer effects.  
At this moment, direct observation of the spinning motion of the droplets will be 
inhibited mainly by the spatial resolution (~1.2 µm) of the high-speed camera. 
Observations of the revolving motion of the droplets should be further investigated, for 
example, by performing nanosecond pump–probe analysis at high spatial and temporal 
resolutions. 
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Fig. 6.18 Temporal evolution of Si-cone formation visualized by utilizing an ultrahigh 
speed camera upon annular beam irradiation onto the silicon target. The inset shows a 
magnified Si droplets. They show Si droplets with a wide divergence angle (~6o) of 
flight. 
 
 
Fig. 6.19 SEM image of a chiral silicon structure fabricated by low-energy (near the 
ablation threshold) vortex pulse pumping. 
 
In our previous work, the spin angular momentum could combine the orbital 
angular momentum constructively or destructively to shape the structures. 
Under the present conditions of irradiating loosely focused optical vortices with short 
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pulse durations, the effects of the spin–orbital angular momentum coupling will be weak. 
The tight focusing angular ng of optical vortices with a long pulse duration [10] would 
enhance such spin–orbital momentum coupling effects. Further discussion and additional 
experiments are needed to investigate the spin–orbital angular momentum coupling 
effects in monocrystalline Si nanoneedle formation by utilizing highly focused 
submicrosecond optical vortex pulses. 
 
6.5 Conclusions 
To the best of our knowledge, this study offers the first demonstration of forming 
a monocrystalline Si nanoneedle with a height of ~ 15 m, a thickness of ~ 2.9 m and a 
tip curvature of ~ 200 nm. The height of the Si nanoneedle was also enhanced by 
overlaying several vortex pulses on the target, reaching ~ 40 m. Further, the needle was 
recrystallized by even irradiating a picosecond vortex pulse.  
We also visualized for the first time how to form a Si nanoneedle. A picosecond 
vortex pulse forces the melted silicon to be directed toward the core, and to form a 
nanoneedle on the microsecond scale.  
The conventional Gaussian-mode deposition inhibits such a monocrystalline Si 
nanoneedle. We believe that monocrystalline Si needles have a potential to be applied  
in many fields, such as core–shell devices for silicon photonics and photovoltaic devices 
as well as nano- or microelectromechanical systems. 
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Chapter 7 Conclusions 
 
7.1 Thesis summary and discussion 
The present work has shown that chiral Si nanocones can be created by 
irradiating a nanosecond optical-vortex pulse. The fabricated chiral Si nanocones with a 
lattice index of (100) were monocrystalline, and had a tip curvature of ~110 nm, a height 
of 1.0 µm, a length of 4.8 μm. Additionally, the chirality could be controlled by the sign 
of the orbital angular momentum (handedness of the optical vortex). This phenomenon is 
induced by the transfer of orbital angular momentum from the optical vortex to the melted 
Si by laser processing. These monocrystalline chiral Si nanostructures will play important 
roles to open new technologies. 
Also, the first demonstration, to the best of our knowledge, of forming a 
monocrystalline Si nanoneedle with a height of ~ 15 m, a thickness of ~ 2.9 m and a 
tip curvature of ~ 200 nm is presented. The needle was recrystallized to be 
monocrystalline. The height of the Si nanoneedle was also enhanced to be ~40 m by 
overlaying several vortex pulses on the target. It has also been visualized, for the first 
time, the dynamics of Si nanoneedle formation. The picosecond vortex pulse forces the 
melted silicon to be directed towards the core, and to form a nanoneedle on the 
microsecond scale. Such monocrystalline Si nanoneedle formation is inhibited by the 
conventional Gaussian-mode deposition. We believe that the fabricated Si nanoneedle has 
a potential to be applied as devices in many fields.  
 
7.2 Future work 
As shown in our previous publication, the spin angular momentum 
constructively or destructively couples with the orbital angular momentum to shape 
structures. Higher total angular momentum shapes the Si structure to become a sharper 
needle. In fact, constructive spin–orbital coupling, in which the sign of the spin angular 
momentum is the same as that of orbital angular momentum, enhances the sharpness of 
the formed Si nanoneedles. (see Figs. 7.1 and 7.2). These results evidence that the total 
angular-momentum transfer contributes to the creation of monocrystalline Si nanoneedles. 
In our experiments, based on loosely focused optical vortices with relatively 
short pulse durations, the spin–orbital angular-momentum coupling effects are expected 
to be very weak. Further discussion of the spin–orbital angular momentum coupling 
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effects in monocrystalline silicon needle formation will require additional experiments 
performed by employing highly focused submicrosecond optical vortex pulses.  
Silicon droplets should fly away with a spinning motion accelerated by the total 
angular-momentum transfer effects. The spinning motion of the droplets will also 
contribute to enhancements of the sharpness of the Si nanoneedles. Further investigations 
are needed, for instance, by observing the spinning motion of droplets directly or by 
utilizing pump–probe analysis with high spatial and temporal resolutions. 
 
 
 
 
Fig. 7.1 Si nanoneedle formed by the irradiation of a picosecond vortex pulse with J=3(l 
J = +3 (l = +2  s = +1)
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=2: s=1) and J=1(l =2: s=-1). 
 
 
 
Fig .7.2 Experimental tip diameter (red plots) and thickness (blue plots) of the Si 
nanoneedles as a function of the magnitude of the total angular momentum. The error 
bars mean the standard deviations of the measured values. 
 
7.3 Applications 
Such various nanostructures have the possibility to be used in interesting devices, 
including photonic crystals [1,2], optical waveguides [3,4], photovoltaic devices [5,6], 
field-emission arrays [7,8], and metamaterials in the terahertz range [9,10]. In particular, 
fabricated nanoneedles can be applied in medical fields, including biomedicine [11], and 
drug delivery [12-14]. 
We believe that this method, termed “optical-vortex laser processing,” will 
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innovate a variety of fields. 
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